There is little information on the function of epididymal basal cells. These cells secrete prostaglandins, can metabolize radical oxygen species, and have apical projections that are components of the blood-epididymis barrier. The objective of this study was to develop a reproducible protocol to isolate rat epididymal basal cells and to characterize their function by gene expression profiling. Integrin-alpha6 was used to isolate a highly purified population of basal cells. Microarray analysis indicated that expression levels of 552 genes were enriched in basal cells relative to other cell types. Among these genes, 45 were expressed at levels of 5-fold or greater. These highly expressed genes coded for proteins implicated in cell adhesion, cytoskeletal function, ion transport, cellular signaling, and epidermal function, and included proteases and antiproteases, signal transduction, and transcription factors. Several highly expressed genes have been reported in adult stem cells, suggesting that basal cells may represent an epididymal stem cell population. A basal cell culture was established that showed that these basal cells can differentiate in vitro from keratin (KRT) 5-positive cells to cells that express KRT8 and connexin 26, a marker of columnar cells. These data provide novel information on epididymal basal cell gene expression and suggest that these cells can act as adult stem cells.
INTRODUCTION
In the adult rat epididymis, basal cells comprise approximately 20% of the total epithelial cell population, which also includes principal, clear, dendritic, apical, and narrow cells [1, 2] . As their name implies, these cells are lodged at the base of the epithelium, where they are in contact with the basement membrane (BM). Basal cells, with a low cytoplasm-to-nucleus ratio, have long processes that extend laterally along the BM, where they form an incomplete layer. Thin apical projections extend from some basal cells toward the lumen of the epididymis [3, 4] , where they cross the tight junctions of the blood-epididymis barrier, thereby contributing to the barrier [4] . Basally and apically located projections are regulated by androgens and other testicular factors [5] [6] [7] .
In the rat, the epithelium of the epididymis at birth is characterized by undifferentiated columnar cells [8] . At this age, the epithelium contains numerous mitotic figures and expresses the gap junction protein beta-2 (GJB2; connexin 26 [Cx26]) [8, 9] . The epithelium begins to differentiate around Postnatal Day 16 [1] . Basal cells first appear in the cauda epididymal region at Day 21 and are present throughout the epididymis at Day 28 [10] . Concomitant with the decline of GJB2 expression at this age is the beginning of GJB1 (Cx32) expression [9] . Sun and Flickinger [1] first proposed that basal cells were derived from columnar cells, in a manner similar to principal cell differentiation. Despite suggestions to the contrary, recent studies have supported the notion that basal cells are derived from columnar cells [11] .
Murashima et al. [12] showed that the transcription factor tumor protein 63 (TP63) is required for the differentiation of basal cells in the epididymis. TP63 is detected at Postnatal Day 14 in the cauda region of the epididymis and by Day 18 in the caput region [13] . The expression of TP63 in the proximal regions of the epididymis is dependent on androgen receptor signaling, while, in the cauda region, this does not appear to be the case, as TP63 levels are unaltered in AR knockout mice [12] .
Although the role of basal cells in the epididymis remains unclear, several studies have reported the presence of enzymes implicated in metabolizing free oxygen radicals. Nonogaki et al. [14] first reported the presence of Cu-Zn superoxide dismutase (SOD) 1 in epididymal basal cells. Several subunits of the glutathione-S-transferase family of proteins [15] , as well as metallothionein (MTN) 1/2 [16] were also shown to be expressed in epididymal basal cells. It has also been proposed that basal cells are stationary, macrophage-like cells that protect spermatozoa from the immune system [17, 18] . However, the recent discovery of dendritic cells in the epididymal epithelium suggests that the immune functions originally attributed to basal cells may be due to dendritic cells localized in the same region at the base of the epithelium [19] . Basal cells have also been suggested to provide structural support to the epididymis [20] .
Several studies have shown that basal cells interact directly with the other epithelial cells of the epididymis. Basal cells contain elevated levels of prostaglandin-endoperoxide synthase 1 (PTGS1; also known as cyclooxygenase-1) and secrete prostaglandin (PG) E2 and D, which can act on principal cells [21] . Cyr et al. [22] showed the presence of gap junction protein alpha 1 (GJA1; also known as Cx43), and gap junctions between basal cells and both adjacent principal and clear cells. Furthermore, Gregory et al. [23] showed that basal cells of the epididymis express the tight junction protein, claudin-1. Such interactions may be relevant to principal cell functions.
Basal cells are present in most stratified and pseudostratified epithelia, including the trachea, prostate, and mammary gland [24] [25] [26] . In these tissues, basal cells make up between 6% and 30% of epithelial cells. Several studies on the trachea indicate that basal cells drive homeostasis of the epithelium [27] [28] [29] . In tissues, such as the trachea and other organs, basal cells are multipotent stem cells that can be induced to differentiate into other cell types in order to regenerate the epithelium [30] [31] [32] [33] [34] , but this has not yet been demonstrated for the epididymis. Alterations in basal cell proliferation and differentiation have been associated with the development of cancer in the trachea, prostate, and mammary glands [35] [36] [37] One of the main difficulties in understanding the function of basal cells has been the isolation of a purified basal cell population. While previous studies have reported purification of basal cells using either density gradients or magnetic separation [38] [39] [40] , the absence of specific basal cell markers has limited the validity of the claims of isolation of highly purified basal cells. The objective of this study was to isolate and characterize a highly purified basal cell population, in order to assess the nature of these cells within the epididymal epithelium.
MATERIALS AND METHODS

Animals and Tissues Collection
Male Sprague-Dawley rats (48 and 90 days of age) were purchased from Charles River Laboratories, Inc. Rats were acclimated for at least 1 wk under a constant photoperiod (12L:12D), and received food and water ad libitum. At the time of sampling, rats were anesthetized with CO 2 and killed by cervical dislocation. Epididymides were dissected from the animals under aseptic conditions and placed in Dulbecco modified Eagle medium (DMEM)/nutrient F12 Ham culture media containing penicillin (50 U/ml) and streptomycin (50 lg/ml) (Sigma-Aldrich). For cryoblock preparation, epididymides were frozen in OCT compound (Fisher Scientific) on dry ice and stored at À868C until sectioning. All the animal protocols used in this study were approved by the Institut National de la Recherche Scientifique University Animal Care Committee.
Immunofluorescence of Epididymal Sections
Frozen epididymal sections (10 lm) were fixed in ice-cold methanol for 20 min at À208C. After rehydration in PBS-Tween (0.05%), sections were permeabilized in a solution of 0.3% Triton X-100 in PBS at room temperature for 20 min. Sections were incubated with blocking solution (5% bovine serum albumin [BSA] in PBS) for 30 min and then incubated with a mouse monoclonal anti-integrina6 antibody (ITGA6; 1 lg/ml; Abd Serotec, Bio-Rad Laboratories) or a rabbit monoclonal anti-PTGS1 antibody (0.3 lg/ml; Abcam) diluted in blocking solution at room temperature for 1 hr. Sections were washed three times with PBS-Tween and subsequently incubated with an anti-mouse Alexa 594 (red; Life Technologies) or an anti-rabbit Alexa 488 (green; Life Technologies) -conjugated secondary antibody (2 lg/ml) at room temperature for 30 min in blocking buffer containing a Hoechst blue dye (1 lg/ml; Biotium). Finally, sections were washed twice with PBS-Tween and once with PBS and mounted with Fluoromount (Southern Biotech).
Colocalization experiments were done using cryosections prepared in the same fashion as described previously. Sections were incubated with anti-ITGA6 antibody (1 lg/ml) for 1 h at room temperature, rinsed in PBS, and subsequently incubated for 30 min at room temperature with Alexa 594-conjugated anti-mouse antisera (2 lg/ml). Sections were then rinsed three times in PBS-Tween and incubated with anti-PTGS1 antibody (0.30 lg/ml) for 1 h at room temperature. Sections were subsequently washed three times in PBSTween and incubated for 30 min at room temperature with an Alexa 488-conjugated anti-rabbit secondary antibody (2 lg/ml) containing a Hoechst blue dye (1 lg/ml) to stain the nuclei. Finally, sections were washed twice with PBS-Tween, once with PBS, and then mounted with Fluoromount.
Epithelial Cell Isolation
Epididymides from four rats (48 days of age) were used for each isolation. Tissues were cleared of fat and cut into small fragments (2-3 mm) with scissors. Tissue fragments were placed in DMEM/nutrient F12 Ham containing antibiotics and digested in two successive incubations (50 min) in collagenase (2 mg/ml; Life Technologies Inc.) at 378C using a shaking water bath. Epididymal cells were dissociated between digestions by gently pipetting the small tissue fragments and allowing the cells to settle to the bottom of the tube. The supernatant was then replaced with fresh digestion medium. Following the second digestion, tissue fragments were placed in trypsin-ethylenediaminetetraacetic acid (EDTA; 0.25% W/V) for 15 min at 378C in a shaking water bath. Trypsin activity was stopped by the addition of DMEM/HAM F12 medium containing antibiotics, L-glutamine (2 mM), insulin (10 lg/ml), transferrin (10 lg/ml), hydrocortisone (80 ng/ml), epidermal growth factor [EGF; 10 ng/ml]), cAMP (10 ng/ml) and fetal bovine serum (FBS; 5%; Fraction V; SigmaAldrich). Cells were collected by centrifugation (34 3 g) for 3 min, resuspended in culture media and successively passed through three nylon filters of 160, 100, and 70 lm. An aliquot of cells was then counted with a hemocytometer.
Magnetic-Activated Cell Sorting
Cells were centrifuged at 1000 3 g for 5 min and resuspended in filtered, cold, magnetic-activated cell sorting (MACS) buffer (2 mM EDTA, 0.5% BSA in PBS, pH 7.2). Cells were then incubated with a monoclonal antibody against ITGA6 (also known as CD49f; 1 lg/10 6 cells; Abd Serotec) on ice for 20 min. Cells were washed twice in 2 ml of MACS buffer and collected by centrifugation (1000 g for 10 min). Cells were then incubated for 15 min on ice with anti-mouse IgG microbeads (20 ll of beads in 80 ll of cold MACS buffer/10 7 cells; Miltenyi Biotec). Cells were washed twice, resuspended in 500 ll of cold MACS buffer, and placed on a MACS MS separation column (Miltenyi Biotec). The column was placed in a magnetic stand (Miltenyi Biotec) and cells that were first eluted through the column were considered as being the negative or nonbasal cell fraction. The column was then rinsed with MACS buffer and removed from the magnetic stand. MACS buffer (1 ml) was then used to elute the cells that were retained on the column. This was designated as the positive or basal cell fraction. The cells collected in the basal cell fraction were further purified by a second passage on a magnetic separation column.
Immunofluorescent Microscopy of Basal Cells
Following the magnetic separation, cells from each fraction were resuspended in PBS. The cell concentration was determined using a hemocytometer. An aliquot of 1 3 10 5 cells in 100 ll of PBS was placed on a glass microscope slide, dried for 40 min, and immersed in ice-cold methanol overnight. After rehydration in PBS, cells were permeabilized in a solution of 0.3% Triton X-100 in PBS at room temperature for 15 min. Cells were blocked with PBS containing 5% BSA (blocking solution) for 30 min and then incubated with a monoclonal anti-keratin (KRT) 5 antibody (1 lg/ml; Santa Cruz Biotechnologies, Dallas, TX) diluted in blocking solution at room temperature for 1 h. Cells were washed three times in PBS-Tween and subsequently incubated with an anti-mouse Alexa 594-conjugated secondary antibody (2 lg/ml; Life Technologies) at room temperature for 30 min. Slides were subsequently washed three times with PBS and mounted with Vectastain mounting medium containing 4 0 ,6-diamidino-2-phenylindole (Vector Laboratories). Cells were examined under a Leica DMRE microscope (Leica Microsystems, Inc.).
Flow Cytometry
Cells (1 3 10 6 ) from the nonbasal and basal cell fractions were fixed in paraformaldehyde (1% in PBS) for 24 h. Cells were washed twice with FACS buffer (1 ml; 1% BSA in PBS) and recovered by centrifugation at 1000 3 g for 10 min. The supernatant was removed and the cells were resuspended in a solution of Triton X-100 (0.3%) in PBS at room temperature for 15 min. Cells were then blocked in FACS buffer on ice for 30 min and incubated with an anti-PTGS1 monoclonal antibody conjugated with fluorescein isothiocyanate (FITC; 5 lg/ml; Cayman Chemical) for 1 h. Cells were washed three times with FACS buffer and resuspended in 500 ll of PBS containing 1% paraformaldehyde prior to analysis. Flow cytometric analyses were done using a FACSCalibur (Becton Dickinson) with an air-cooled argon laser providing an excitation at 488 nm and analyzed using the Cell Quest Pro software (BD Biosciences).
Electron Microscopy
Adult rats (n ¼ 4; 90 days of age) were anesthetized by intraperitoneal injection of sodium pentobarbital (Somnitol; MTC Pharmaceuticals). The testes and epididymides were fixed by retrograde perfusion through the abdominal aorta with 2.5% glutaraldehyde buffered in sodium cacodylate (0.1 M) MANDON ET AL. containing 0.05% calcium chloride (pH 7.4). After 10 min of perfusion, epididymides were removed and cut into four major regions (initial segment, caput, corpus, and cauda). Small 1-mm 3 pieces were cut from each of the four regions and placed in the same fixative for an additional 2 h at 48C. The tissue samples were subsequently rinsed three times in 0.1 M sodium cacodylate buffer containing 0.2 M sucrose and then left in this buffer overnight. The following day, the samples were postfixed in ferrocyanide-reduced osmium tetroxide for 1 h at 48C, dehydrated in a graded series of ethanol and propylene oxide, and embedded in Epon. Semi-thin sections (0.5 mm) were cut with glass knives, stained with toluidine blue, and observed by light microscopy. Thin sections of selected regions of each block were cut with a diamond knife, placed on copper grids, and counterstained with uranyl acetate (5 min) and lead citrate (2 min). Sections were examined with either a Philips 400 or FEI Tecnai 12 120 kV Transmission Electron Microscope (FEI Company).
Cells of the basal cell fraction were collected by centrifugation (300 3 g), washed, and resuspended in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer for 24 h. The cells were then washed in PBS and prepared for electron microscopy as describe above.
Polymerase Chain Reaction
Total cellular RNA was isolated from the cells using the RNeasy Plus Mini Kit (Qiagen) according to the manufacturer's instructions. Total RNA (500 ng) was reverse transcribed using an oligo (dT)16 primer. Specific transcripts were subsequently amplified by PCR. Primer sequences are listed in Supplemental Table S1 (Supplemental Data are available online at www.biolreprod.org). PCR amplifications were done at 948C for 5 min, 25-35 cycles of 948C for 30 sec, melting temperature for 30 sec, 728C for 30 sec, and cooled at 48C. PCR products were then separated on a 2% agarose gel and visualized using ethidium bromide (Bio-Rad Laboratories). PCR amplifications were also done on untranscribed RNA to confirm that the sample was not contaminated with genomic DNA. PCR analyses were done in triplicate. Each experiment was done in triplicate using three different isolated basal cell fractions.
Microarray Processing
Total cellular RNA was isolated from the nonbasal and basal cell fractions using the RNeasy Plus Mini Kit (Qiagen) according to the manufacturer's instructions. The RNA concentration was determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies), while the quality of the RNA was verified using an Agilent 2100 Bioanalyzer (Agilent Technologies). Gene expression profiling was performed with commercially available rat oligonucleotide microarrays, GeneChip Rat Gene 2.0 ST array, containing 23 586 genome-wide transcripts (Affymetrix). Hybridizations were performed by Genome Québec's Innovation Centre (McGill University). Target RNA was reverse transcribed into cDNA and in vitro transcription was performed to generate biotin-labeled cRNA. Hybridized target cRNA was labeled with streptavidin phycoerythrin and the arrays were scanned using a GeneChip Scanner (Affymetrix).
Microarray Analysis
The relative expression level of each transcript was obtained from three separate isolated fractions. Raw data were corrected for background using the Robust Multi-array Average algorithm [41] and Expression Console software (Affymetrix). Expression analysis was done according to Minimum Information about a Microarray Experiment standards [42] using GeneSpring 12X software (Agilent). Only genes showing a P value 0.05 were considered for data analysis. Significant gene expression differences were determined with moderated t-test (significance level 0.05). Fold-changes were expressed as the ratio between basal and nonbasal cell fractions. A 2-fold change cut-off value was used for the determination of differentially expressed genes. Genes with the same expression pattern were grouped in clusters using the K-means method with Pearson correlation and a maximum of 50 iterations. Enriched genes were imported into Database for Annotation, Visualization, and Integrated Discovery (DAVID) Bioinformatics Resources software (version 6.7; Database for Annotation, Visualization, and Integrated Discovery; National Institute of Allergy and Infectious Disease, National Institutes of Health) [43] to determine gene ontology. Calculations of enrichment scores were based on the Expression Analysis Systematic Explorer scores, which is a modified Fisher exact P value [44] . Functional analysis for pathways were done using DAVID linked to the Kyoto Encyclopedia of Genes and Genomes (KEGG) databank with a cut-off of 1.5-fold change.
Basal Cell Culture
Immediately after separation, isolated basal cells were resuspended in Prostacult medium (Stemcell technologies) containing EGF (10 ng/ml; (SigmaAldrich), basic fibroblast growth factor (bFGF; 10 ng/ml; ReproCELL), heparin (4 lg/ml; Life Technologies), and FBS charcoal-stripped (5%; Wisent), according to the manufacturers' instructions for stem cell culture. Experiments were done to determine whether or not bFGF and dihydrotestosterone (DHT) were necessary for maintaining basal cells in culture. In these experiments, cells were cultured for up to 7 days in the presence or absence of bFGF (10 ng/ml) and DHT (10 nM; Sigma Aldrich). In all subsequent experiments, DHT (10 nM) was added to the culture medium. Cells were seeded on Labtek Nunc II (Thermo Fisher Scientific) coated with a thin layer (40 ll/well) of phenol redfree high-concentration Matrigel (Corning) diluted 1:1 in medium. Cells were incubated at 328C with 5% CO 2 . The medium (50%) was changed every 7 days.
Immunofluorescence of Cultured Cells
Cells were examined after 3, 7, 10, and 14 days of culture. Wells were rinsed twice with PBS and fixed with ice-cold methanol (KRT5) or paraformaldehyde (4%; for KRT8 and Cx26) for 10 min. Cells were then rinsed with Tween 0.05% in PBS for 5 min and permeabilized with 0.3% Triton-X-100 in PBS for KRT5. Immunolabeling was done as described previously using a monoclonal anti-KRT5 antibody (Santa Cruz Biotechnology), a polyclonal anti-KRT8 antibody (Santa Cruz Biotechnology), or an antiCx26 antibody (Life Technologies) diluted in blocking solution and incubated at room temperature for 1.5 h. Following washing, the cells were incubated at room temperature with an anti-mouse Alexa fluor 594-conjugated antibody (2 lg/ml; Life Technologies) or an anti-rabbit Alexa fluor 488-conjugated antibody (2 lg/ml, Life Technologies) containing Hoechst dye (1 lg/ml; Biotium). Slides were mounted in Fluoromount. Immunofluorescence was examined under a Nikon A1Plus confocal microscope, and images were analyzed with the NIS-Elements AR software (Nikon).
Statistics
Data are presented as the mean 6 SEM. Statistical analyses were performed using ANOVA. Significance was established as P 0.05. Except for microarrays, all analyses were performed using GraphPad Prism software (GraphPad Software, Inc.).
RESULTS
Localization of ITGA6 in the Epididymis
Immunofluorescence experiments indicated that ITGA6 is localized to the base of the epithelium in all regions of both 48 day-old (Fig. 1, A-D) and adult (Supplemental Fig. S1 ) rat epididymis. To confirm that ITGA6 was localized to epididymal basal cells, colocalization experiments with PTGS1, a marker of basal cells [21] , was done. The specificity of the PTGS1 antibody for basal cells was determined by immunofluorescence microscopy, which indicated that PTGS1 was localized to basal cells throughout the epididymis (Supplemental Fig. S2 ). The data showed that ITGA6 colocalized to the same cells as PTGS1, thus confirming that ITGA6 was indeed expressed by epididymal basal cells ( Fig.  1E; Supplemental Fig. S3 ). Sections incubated in the absence of antibody were used as negative controls (Fig. 1F) .
Isolation of Epididymal Basal Cells
Using the ITGA6 antibody, basal cells were isolated from epididymal cells using magnetic separation. Immunofluorescent localization of KRT5, another basal cell marker [11] , indicated that over 88.8 6 1.7% of cells were positive for KRT5 ( Fig. 2A) . Only 2% of the cells isolated in the nonbasal cell fraction tested positive for KRT5. To further confirm that cells isolated by magnetic separation and ITGA6 antibody were basal cells, a flow cytometric analysis was done using PTGS1 as a marker of basal cells. Since the PTGS1 antibody used for flow cytometry was coupled to FITC, we confirmed its CHARACTERIZATION OF EPIDIDYMAL BASAL CELLS specificity by immunofluorescence microscopy, which indicated that PTGS1 was localized to basal cells throughout the epididymis, as expected (Supplemental Fig. S2 ). Merged flow cytometric graphs of PTGS1 immunofluorescent peaks showed a clear shift between curves for cells present in the nonbasal and basal cell fractions, demonstrating that there are two distinct cell fractions. Cell counts for immunostained cells indicated that 89.0 6 1.5% of cells in the basal cell fraction were positive for PTGS1 (Fig. 2B) . Thus, both immunofluorescence microscopy, using KRT5, and flow cytometry, using PTGS1, indicated similar levels of basal cell purity.
Expression of Basal Cell Markers
RT-PCR was used to verify the presence of transcripts for several epididymal cell markers. Krt5, Ptgs1, Krt14 [11, 40, 45] , Cldn1, and Tp63 [13, 23] were used as markers for basal (Fig. 2C) .
CHARACTERIZATION OF EPIDIDYMAL BASAL CELLS
Krt18 and retinoic acid-binding protein (Rabp) were used as markers for principal cells [35, 46] . H þ transporting lysosomal V0 subunit 4 (Atp6V0a4) was used as marker for clear cells and CD11c as a marker of dendritic cells [19, 47] . Total mRNA levels for each of the genes were significantly higher in the nonbasal cell fraction as compared to the basal cell fraction (Fig. 2C) , confirming the high degree of purity in the basal cell fraction. Interestingly, there were no differences in the mRNA level for tight junction protein, tricellulin (MarvelD2), between basal and nonbasal cell fractions.
Analysis of Basal Cells Morphology
Ultrastructural analysis of basal cells in situ and in the basal cell fractions was done under the electron microscope (Fig.  2D) . Two morphologically distinct basal cells appear to be present at the base of the epithelium. All basal cells are in contact with the BM. Some show a flattened nucleus (Fig. 2D,  panel A) , while others have an irregular nucleus and appear somewhat triangular in shape (Fig. 2D, panel B) . The cells have a low cytoplasm-to-nucleus ratio and a well-developed Golgi apparatus, including the presence of secretory granules. In electron microsopy images of the isolated basal cell fraction, the cells assumed a rounded appearance with an irregular nucleus and few microvilli projecting from the periphery. These cells revealed a low cytoplasm-to-nuclear ratio, and the cytoplasm showed few organelles, as noted for in situ basal cells. In cells that remained in contact with one another, small areas in close proximity were apparent (Fig. 2D, panel C) .
Gene Expression Profiling of Basal Cells
Microarray analyses were used to compare gene expression profiles for cells in the nonbasal and basal cell fractions. A rat oligonucleotide microarray containing 29 489 genes was used to assess gene expression levels. A total of 1470 genes with greater than 2-fold changes in steady-state mRNA levels were differentially expressed in basal cells as compared to cells in the negative fraction. Hierarchical clustering using the k-means method indicated that the basal and nonbasal cell fractions were distinct, with clearly identifiable groups of genes that were overexpressed in the basal cell fraction relative to the nonbasal cell fraction (Fig. 3A) . A volcano plot of mRNA levels for each gene revealed a large number of genes that were significantly (P 0.05) enriched (!2) or underrepresented ( 0.5) in the basal cell fraction as compared to the nonbasal cell fraction (Fig. 3B) .
Of the 1470 differentially expressed genes, 552 genes were up-regulated (i.e., enriched in basal cells) and 917 genes were down-regulated (enriched in nonbasal cells). Among the enriched basal cell gene population, 163 genes were highly expressed, with mRNA levels 3-fold higher than in nonbasal cells, and 45 of these were expressed at levels of 5-fold or more (Fig. 3C) . These highly expressed genes coded for proteins implicated in cell adhesion, cytoskeletal function, ion transport, proteases and antiproteases, signal transduction, transcription factors, cellular signaling, and epidermal function (Table 1) . These data have been deposited in the National Center for Biotechnology Information's Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo; accession number GSE52693).
Specific Basal Cell Genes
Several genes previously defined as specific for basal cells were examined (Table 2) . Cldn1, which we have shown to be present in basal and principal cells [23] , was expressed at significantly higher levels in the basal cell fraction; two cytokeratins, Krt14 and Krt17, were also highly expressed in basal cells. Ptgs1, which was previously described in epididymal basal cells [21] , Tp63 [48] , and Cd44 [49] were all expressed at significantly higher levels in the basal cell fraction.
Certain genes previously suggested as being specific for epididymal basal cells were significantly lower in the basal cell fraction as compared to the nonbasal cell fraction. These included Agtr2 [4] , Aqp3 [50] , and Trpc3 [40] .
Functional Classification of Genes Enriched in Epididymal Basal Cells
The genes that were differentially enriched in basal cells were classified into functional categories using gene ontology to predict biological processes, cellular components, and molecular functions of basal cell function (Fig. 3D ). There were 16 clusters of biological processes that were predicted in basal cells (Fig. 3D) , including biological adhesion, development and morphogenesis, cell motion, regulation of cell death, cell growth and cell proliferation, and response to endogenous stimuli. Highly expressed genes (!4-fold) in basal cells could be grouped in to three specific categories of genes associated with the plasma membrane, cellular junctions, and interaction with the extracellular matrix (Fig. 3E) .
Genes Implicated in Gap Junctions
Several genes coding for gap junction proteins were expressed at significantly higher levels in basal cells. These included gap junction protein alpha-1 (Gja1; Cx43), Gjb3 (Cx31), Gjb4 (Cx30.3), and Gjb5 (Cx31.1). These have all previously been shown to be expressed in the epididymis [9] . Interestingly, pannexin2 (Pnx2), which is expressed at high levels in the nervous system [51] , was also present in basal cells (Fig. 4A) . The large number of gap junction proteins suggests highly regulated intercellular communication between basal and other cell types of the epididymis.
Genes Implicated in the Inflammatory Response
Some genes involved in the biosynthesis and secretion of prostaglandins, known to be implicated in the inflammatory response, were expressed at significantly higher levels in basal "   FIG. 3 . Identification of basal cell fraction-enriched transcripts. A) Heat map and hierarchical cluster analysis of genes expressed in the basal cell fraction (n ¼ 3) compared to nonbasal cell fraction (n ¼ 3). Genes expressed at levels above the average are represented in red, below average in green, and average in black. B) Volcano plot comparing the transcriptome of cells in the basal cell fraction (n ¼ 3) and nonbasal cell fraction (n ¼ 3). Red dots correspond to significantly up-regulated probe sets in basal cells (fold-change ! 2 with a p-value 0.05); green dots represent significantly downregulated probe sets in basal cells (fold-change ! 2 with a P value 0.05); gray dots represent nonsignificant gene probe sets. C) Number of genes that are significantly differentially expressed by 2-, 4-, and 5-fold in the basal cell fraction compared to the nonbasal cell fraction. D) Differentially expressed genes in the isolated basal cell fraction and nonbasal cell fraction of the epididymis. Genes were grouped according to predicted biological function using the DAVID application software. Enrichment score calculations were based on Expression Analysis Systematic Explorer (EASE) score. Genes were considered differentially expressed when the difference was greater than 2-fold. D) Genes grouped according to their biological processes. E) Genes grouped according to the cellular components.
CHARACTERIZATION OF EPIDIDYMAL BASAL CELLS
cells. These included: Aloxe3, which mediates leukotriene degradation); Ptgs1, which converts arachidonic acid into prostaglandin; and solute carrier organic anion transporter family, member 2A1 (Slco2a1), which is the prostaglandin transporter. A number of anti-inflammatory genes were also expressed. Interleukin 6 (Il6) and Il23a, which are implicated in inflammation, were highly down-regulated, while Il1r2, which suppresses IL1 activity, was upregulated. Matrix metallopeptidase 2 (Mmp2), which degrades collagen IV and promotes inflammation, was also down-regulated. Annexin A1 (Anxa1) has a potential anti-inflammatory activity via an inhibition of eicosanoid synthesis (Fig. 4B) .
Genes Implicated in Progenitor Cell Function
Some strongly expressed genes in basal cells are associated with adult multipotent stem cells in other tissues (Fig. 4C) . Several ligands of known signaling pathways were present, including sonic hedgehog (Shh), the ligand of the Hedgehog pathway, required for embryonic stem cells, and jagged 2 (Jag2), a ligand of Notch signaling. Several cytokines were also specific to basal cells: Lif, KIT ligand (Kitlg), and colonystimulating factor 3 (Csf3). Likewise, growth factors plateletderived growth factor (Pdgf; Pdgfa; Pdgfb; Pdgfc), epithelial mitogen (Epgn), heparin-binding EGF-like growth factor (Hbegf), and neuregulin 1 (Nrg1) were all enriched in 
TP63-Dependent Genes
Several highly expressed genes in epididymal basal cells have been shown to be regulated by the transcription factor TP63 in other cell types (Table 3) . Several of these genes are implicated in cell adhesion (Itga3, Itga6, cadherin3 [Cdh3; PCadherin], and Cldn1). MDM2 proto-oncogene, E3 ubiquitin protein ligase (Mdm2), involved in the cell cycle, was also expressed at significantly higher levels in basal cells. v-ETS (avian erythroblastosis virus E26 oncogene homolog 1 [Ets1]) and tripartite motif containing 29 (Trim29), which are implicated in cellular differentiation, were expressed at significantly higher levels, as were ectodysplasin A receptor (Edar), bone morphogenetic protein 7 (Bmp7), interferon regulatory factor 6 (Irf6), and Jag2. Serpin peptidase inhibitor, clade B (ovalbumin), member 5 (Serpinb5), aldehyde dehydrogenase 1 family, member 3 (Aldh1a3), Serpine1, and glutathione peroxidase 2 (Gpx2) were all expressed at higher levels in basal cells. Finally, Krt14 was strongly expressed in epididymal basal cells. The large number of genes known to be regulated by TP63 suggests that it is a major regulator of basal cell function.
Intracellular Signaling Pathways
Several molecular pathways in epididymal basal cells were identified using DAVID software. Using KEGG, 16 different pathways were identified (Fig. 4D) . Some of the KEGG pathways were related to structural components of the epithelium, and included pathways implicated in adherens and tight junctions, focal adhesion, extracellular matrixreceptor interactions, and cell adhesion molecules. Other pathways that were identified were related to signal transduction, such as those implicated in axon guidance, estrogen receptor b-2 (ErbB), WNT, and MAPK signaling. Surprisingly, signaling pathways implicated in cancer were strongly predicted in basal cells.
Cultured Epididymal Basal cells
Different methodologies were assessed to establish epididymal basal cell cultures. The cells did not adhere to either Cell þ or collagen IV-coated plates. However, the cells adhered to Matrigel after 48 h of culture. The Matrigel was diluted 1:1 with culture medium, which has been used previously for culturing prostatic basal cells [52, 53] . Cell viability and maintenance of PTGS1 expression were assessed as indicators of basal cell health (Fig. 5A) . Basic FGF was found to be critical for maintaining the expression of PTGS1. In the absence of bFGF, PTGS1 immunostaining disappeared after 3 days of culture. DHT was also required for maintaining the expression of PTGS1 in the cells. In cells incubated with levels of DHT (10 nM) equivalent to those present in the serum, the cells not only maintained the expression of PTGS1, but also formed spheroid acini (Fig. 5A) . In the acini, KRT5-positive basal cells appeared to localize to the perimeter of the acini (Supplemental Movie S1). Cells grown in the presence of bFGF and DHT developed spheroid acinar structures (Fig. 5B) . In the absence of bFGF and DHT, the acinar structures were not observed.
Basal Cell Differentiation
To determine if basal cells could differentiate in vitro, basal cells were cultured for up to 14 days. After 3 days of culture, cells remained in a flat, two-dimensional architecture. By 7 days, some spheroid acini began to appear. These spheroid acini became more prominent after 10 and 14 days of culture. While mitotic figures were observed outside the acini after 10 days of culture, these were not observed within the acinar structures. Immunostaining for the basal cell marker KRT5 indicated a progressive decrease in KRT5 immunostaining, which decreased from over 90% of the cells after 3 days of culture to as little as 5% of the cells by Day 14. This was particularly evident within the acini structures (Fig. 5C , Supplemental Movie S1). The decreased KRT5 immunostaining was accompanied by the appearance of KRT8 after 7 days of culture, which was not detected after 3 days of culture, but increased to almost 90% of the cells by 14 days (Fig. 5C , Supplemental Movie S2). Likewise, some of the cells also began expressing the gap junction protein Cx26 after 7 days of culture (Fig. 5C , Supplemental Movie S3).
DISCUSSION
The function of epididymal basal cells has remained an enigma. Studies have reported that the cells display endocrine properties with respect to the secretion of prostaglandins [21] , and that they express a number of different proteins implicated in the metabolism of reactive oxygen species [10, 14] . However, there remains very limited information of the role CHARACTERIZATION OF EPIDIDYMAL BASAL CELLS of these cells in epididymal functions. While there have been several reports on the isolation of basal cells [38, 54, 55] , many of these studies were done prior to the discovery of basal cell markers and the discovery of epididymal dendritic cells [56] .
Based on studies examining basal cells in other epithelia, we examined the localization of ITGA6 in the epididymal epithelium in order to assess its potential utility in isolating epididymal basal cells [52, 57, 58] . ITGA6 was present at the base of the epithelium throughout the epididymis, and appeared to be localized to basal cells. In epithelia, such as the trachea, prostate, and mammary gland, basal cells act as adult stem cells and are immunopositive for ITGA6 [57, 59, 60] . These data support the notion that basal cells in the epididymis share certain similarities with basal cells from these other tissues.
Microarray analysis of isolated basal cells indicated clear differences in gene expression between basal cells and other cells of the epididymis. While several studies have examined gene expression profiles in the different regions of the epididymis in human, rat, and mice [61] [62] [63] [64] [65] [66] [67] [68] , few have examined gene expression profiles in specific cell types. Dubé et al. [61] examined gene expression profiles in an immortalized principal cell line of an azoospermic infertile patient versus a principal cell line derived from a fertile patient. The present study is the first to specifically compare gene expression in basal cells relative to other epididymal cells.
Gene expression profiles of epididymal basal cells indicated that most of the previously identified markers of basal cells were expressed in the isolated basal cells. Interestingly, some of the markers previously reported as expressed in basal cells were found to be expressed either at equivalent levels in basal and nonbasal cell fractions, or were, in fact, present at much higher levels in the nonbasal cell fraction. These differences suggest that the expression of certain genes, at least at the mRNA level, may be attributed to other cell types. Aquaporin 3 (AQP3) was previously reported in basal cells by immunohistochemistry [50] , but not by immunofluorescence [69] . Studies have reported that, in other tissues, AQP3 is expressed in dendritic cells [70] . It is possible that, in the epididymis, both cell types express Aqp3, and, therefore, differences in mRNA did not show an enrichment of gene expression for Aqp3 in the basal cell fraction. Angiotensin II receptor, type 2 (AGTR2) has also been described as being specific to the basal cells in the epididymis [4] . However, in the present study, Agtr2 expression was much lower in the basal cell fraction versus the nonbasal cell fraction. Several studies have reported the presence of AGTR2 in dendritic cells [71, 72] , and it is possible that the localization of this protein, as well as AQP3, may not be to basal cells, but rather to dendritic cells. Similarly, transient receptor potential cation channel, subfamily C, member 3 (Trpc3), previously suggested as being specific to epididymal basal cells [55] , was not enriched in the basal cell population. MarvelD2, previously studied in epididymis, showed that basal cells do not form tripartite junctions with principal cells [73] .
Previous studies have reported that gap junctions composed of GJA1 were present between basal cells and either principal or clear cells of the epididymis in multiple species [22, [74] [75] [76] . Gja1 mRNA levels were significantly higher in isolated basal cells, supporting previous reports of gap junctions in this tissue. Surprisingly, however, basal cells also contained significantly higher levels of Gjb3, Gjb4, and Gjb5. This is the first report of Gjb3, Gjb4, and Gjb5 expression in basal cells. We previously showed that these connexins were expressed in the epididymis, and that their mRNA levels increased as a function of postnatal development [9] . The contribution of basal cells to increasing expression levels of these connexins may be important. The fact that these four connexins are expressed in basal cells is suggestive of a close interaction or communication between basal cells and other epididymal cell types. Since gap junctions are known to be important sensors of epithelial health, it is tempting to speculate that these interactions play a similar role in the epididymis [77] .
Several genes implicated in the inflammatory response were also enriched in epididymal basal cells, including genes implicated in prostaglandin synthesis and secretion. Numerous studies have shown that PTGS1 is present in basal cells, and that these cells can secrete prostaglandins [21, 40] . Inflammatory responses in other tissues have been shown to be important to stimulate differentiation of basal stem cells. In the prostate, inflammation enhances basal-to-luminal differentiation [78] , while, in the trachea, basal cell differentiation into undifferentiated epithelial cells for epithelial repair is initiated by the inflammation following injury [29, 79] .
TP63 is a specific marker of basal cells in several epithelia, including the epididymis [48] . In prostate, TP63 is essential for differentiation of basal cells [80] . In pseudostratified and stratified epithelia, TP63 was among the first genes proposed to have a function in the maintenance of stem cell populations [81] , and loss of TP63 resulted in a dramatic epithelial phenotype during embryogenesis marked by the loss of stratification [82] . Furthermore, TP63 has been identified as a key determinant of the proliferative capacity of stem cells of stratified epithelia [83] . In the epididymis, Murashima et al. [12] showed that TP63 was essential for the formation of basal cells. In our study, TP63 was strongly expressed in basal cells, and several of the highly expressed genes found in our basal cell fraction were previously reported as being TP63-dependent genes (Table 3) , reinforcing the importance of TP63 in regulating epididymal basal cell function.
Canonical Wnt signaling has been reported in the epididymis [84] . This pathway causes an accumulation of bcatenin in the cytoplasm and its eventual translocation into the nucleus, where it acts as a transcription factor. Previous studies by our lab have reported the presence of catenins in the epididymis and showed that they are regulated as a function of postnatal development [85] . WNT proteins have critical roles in embryo development and in tissue homeostasis in the adult, including cell proliferation, polarity, and cell differentiation [86] . In the present study, genes associated with the Wnt signaling pathway were found in basal cells, supporting our hypothesis that basal cells have a role in progenitor function.
Intracellular signaling pathway analyses indicated that cancer-related genes were among the most prevalent of the predicted pathways in isolated basal cells. Curiously, although there are very few cases of epididymal cancer [84] , it would appear that epididymal basal cells have the capacity to promote cancer development. In other tissues, basal cells have been shown to play a significant role in the development of cancer, and, in the case of breast cancer, is often associated with poor prognosis [87, 88] . Clearly, however, the regulation of epididymal basal cells differs from that of basal cells in other tissues.
Several highly expressed genes in isolated basal cells are associated with multipotent stem cells in adult tissue (Fig. 4C) . These data support our hypothesis that epididymal basal cells are, in fact, epididymal stem cells. The differentiation of stem cells is dependent on cell-specific activation, which is regulated by reciprocal signaling between basal cells and their niche [89] . Transcripts for various signaling ligands (Bmp7, Jag1, Jag2, Ccl20, Pdgf) and receptors (Egfr, Epha2, Trop2, Bcam, Edar) were all detected in the epididymal basal cell fraction, suggesting the potential for cellular differentiation.
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In other epithelia, it is well established that basal cells act as multipotent stem cells [25, 30, 34, 90] . In the epididymis, Clermont and Flannery [91] reported that, in the adult, basal cells have a very low mitotic index (1.4% for 2.5-month-old animals, and below 0.6% after 4 months). Later studies suggested that basal cell development during the perinatal period was a determinant for the development of the cauda epididymidis and vas deferens [6] . In culture, primary human epididymal epithelial cells can form spheres [92] ; this formation is a common characteristic of stem or progenitor cells, suggesting that one or several cell types in the epididymis have progenitor abilities. However, it has been proposed that basal cells are not required for differentiation of principal, clear, and narrow cells in the murine epididymis [12] . Shum et al. reported that epididymal basal cells are not progenitors of clear and principal cells during early development [11] . Based on the microarray analysis, we noted that epididymal basal cells have common characteristics with basal cells in other epithelia, and hypothesized that these included progenitor capacities. Our basal cell culture data show that basal cells can form spheroid structures, which are observed in embryonic stem cell cultures [93] . Our experiments also showed that basal cells differentiate in vitro from KRT5-positive cells to KRT8-positive cells. This is similar to basal cells from other tissues, such as the prostate, where basal cells give rise to cells that express KRT8 [94] . In the trachea, basal cells can differentiate into specialized ciliated and secretory cells during epithelium repair [30] .
In epididymis, GJB2 is a marker of columnar cells. As columnar cells differentiate into principal and other cell types, GJB2 levels dramatically decrease [9] . In our basal cell cultures, no staining for GJB2 was seen after 3 days, but was observed in cells within acini after 7, 10, and 14 days of culture. This suggests that basal cells can differentiate into cells that share the phenotype of columnar cells. In the trachea, ablation of ciliated cells with SO 2 activates basal cells to differentiate into undifferentiated progenitors, which then differentiate into ciliated and secretory cells, suggesting that differentiation occurs as a two-step process [95] . Our data would suggest a similar mechanism in the epididymis.
In conclusion, we have isolated epididymal basal cells and have shown, using gene expression profiling, that these cells are implicated in numerous epithelial functions, and may act as adult stem cells. Culture protocols support the notion that basal cells can differentiate in vitro, and appear to differentiate into columnar cells. This indicates that regeneration of the epididymal epithelium may be possible, and may explain the plasticity of this critical organ for male fertility.
